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4.6 Estimation and Control Accuracy Analysis

As presented earlier in the chapter, changing the magnetic field strength with the
Helmholtz cage has affected the ADCS test bed QUEST result. This section presents
the QUEST estimated quaternion accuracy as compared to the external PhaseSpace
system truth data. As noted in the beginning of the chapter the quaternions will
eventually be converted into Euler angles for easier comparison. The section begins
with a body rate estimation analysis to compare the w; values with the body rate
estimate w;_.s calculated using the ADCS test bed quaternion. To aid in presenting
the data, only the z-axis Euler angle and the ¢3 and ¢4 terms will be shown. This is
based on the fact that only the z-axis of the ADCS test bed was fully controllable.
The z-axis showed notable deviations in the wheel speed control authority testing
section and the moment caused from the displacement of the CoR and the Com
limited functional control of the y-axis. Furthermore the rotations are in the negative
direction, but the Euler angle presented will be made positive to help display the

data.

4.6.1 Body Rate Estimation Using Quaternions

It should be noted that this subsection is primarily included to help future research
develop a method to obtain a “truth source” body rate estimate from the quaternion in
the PhaseSpace system. As Chapter I1I discussed, the equations provided by [18] offer
an excellent way to estimate the body rate of a spacecraft using only the quaternion.
This research used the body rate estimate w;_ .y in the PID control law instead of
the w; values created by Tibbs [4]. It was discovered early in the research that even
though these values are calculated differently, they still produces the exact same
result as shown in Fig. 71. The values in Fig. 71 are the same because the body

rate estimate w;_.y from the quaternions relies on the q term from Eq. (33) in
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Chapter II. These values could not be compared to the PhaseSpace system because
the current API is not programmed to calculate or produce the true body rate from
the Owl Server. The equations presented in Chapter III and the results discovered in
this research will be helpful for future development of the PhaseSpace API and are

presented here only to be discussed in Chapter V.

4.6.2 ADCS Test Bed Performance in Variable Magnetic Fields

This subsection presents the performance results from the ADCS test bed and
the PhaseSpace system data collection. In order to make the quaternion difference
between the two systems more straightforward to the reader, they will be presented as
Euler angles. The angle error is simply the ADCS test bed angle subtracted from the
PhaseSpace truth source measurement. Note that the angle has been made positive
to better display the data. The results from the 90° rotation with the Helmholtz cage

off are shown in Fig. 72. Note in Fig. 72 the angle error before the maneuver is
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Figure 72. Angle Error During 90° Rotation-Helmholtz Cage Off

approximately 2.5° before the maneuver. This error is due to the slight misalignment
with the PhaseSpace camera frame and the physical ADCS test bed and will be
discussed further in the error analysis section. Also notice from Fig. 72 that the
maximum error of approximately 8.5° occurs about eighty seconds into the maneuver.
After the ADCS test bed reaches steady state the angle error remains in the vicinity
of 7.5°.

The next test shown utilizes the Helmholtz cage at its maximum field strength
setting of [0,2000,0] mG. The results of the 90° rotation are shown in Fig. 73. Notice
in Fig. 73 the error prior to the maneuver at sixty seconds is approximately 0.17°.
During the maneuver the largest angle error detected was 2.5° at approximately ninety
seconds into the test. Once steady state control was achieved at the 90° orientation
the angle error decreased to 1.4°. The difference in error between the test with
the Helmholtz cage off and at [0,2000,0] mG is due to the accuracy of the QUEST

estimate. The stronger magnetic field clearly produces a better quaternion which
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Figure 73. Angle Error During 90° Rotation [0,2000,0] mG

allows the ADCS test bed to perform more accurately. The results of the 90° rotation
in a [0,471,0] mG field are shown in Fig. 74. Notice in Fig. 74 that a maximum error
of 4.6° occurs at approximately seventy seconds into the test. The angle error during
steady state was found to be approximately 1.3° as noted in Fig. 74. Notice also
that the ADCS test bed angle and the PhaseSpace truth angle appear to converge in
Fig. 74. This was an unexpected result during the research as the stronger [0,2000,0]
mG was expected to produce better accuracy. This implies that the Analog Devices
primary magnetometer is better calibrated for near Earth ambient conditions. After
reviewing the Analog Devices magnetometer specifications [39], it was discovered that
each axis of the magnetometer have individual tolerances and calibration methods.
Using the [0,471,0] mG Helmholtz cage is an unrealistic measurement as no magnetic
field will be perfectly uniform on orbit. This topic is left for future research in Chapter
V.

Reducing the magnetic field down to [100,100,100] mG provides an overall mag-
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Figure 74. Angle Error During 90° Rotation [0,471,0] mG

nitude B of 173.2 mG. The results from the 90° rotation in the reduced magnetic
field are shown in Fig. 75 where you can see that a maximum error of 8.9° occurs
approximately 76 seconds into the test. Notice also, that the steady state error after
the maneuver is approximately 7.8°. The increase in angle error at reduced magnetic
field strengths was expected during the research. Reducing the Helmholtz cage to
[50,50,50] mG provides a magnitude B of 86.6 mG which is the lowest strength mag-
netic field tested in the research. The results of the lowest magnetic field strength test
are shown in Fig. 76 where you can see that the angle error stabilizes approximately
100 seconds into the test at approximately 13°. Note that control is still achieved, but
the angle error is increased compared to the previous tests. This means the accuracy
of the QUEST quaternion is being severely degraded as the magnetic field strength is
decreased. The last performance test is the 360° rotation to investigate the accuracy
of the attitude estimation along the entire z-axis in a [0,2000,0] mG field and is shown

in Fig. 77. Notice that at approximately 160 seconds into the test the angle error
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Figure 77. Angle Error During 360° Rotation

cannot be computed while the ADCS test bed is in the vicinity of the singularity at
180°. For the majority of the test the angle error is approximately £2° however as
noted in subsection 4.5.4 there was significant error while commanded to the -270°

orientation. The angle error in this orientation is approximately 6°.

4.7 Error Analysis

When using any external truth source it is important to investigate potential
sources of error not considered in the results given. This section focuses on known
errors in the PhaseSpace and ADCS test bed configuration. Furthermore, it was
also discovered after the dynamic testing was completed that external environmental

conditions may have had an influence on the results documented in this research.
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4.7.1 PhaseSpace System Accuracy

The PhaseSpace system provides truth measurements for the position of the LED
trackers to a sub-millimeter accuracy [41]. However, it does use a filtering process to
best estimate the position of the LED trackers. From this estimation a singularity
free quaternion is estimated based on the alignment of the user defined camera frame
and rigid body editor. The use of the PhaseSpace system in this research assumes it
is a black box recording the “true” quaternion. The error presents itself if the ADCS
test bed is not exactly aligned with the rigid body defined frame in the Master Client
software. Throughout this research the ADCS test bed was balanced and initialized
to point at the 0° angle marker on the wall. During data reduction and analysis
it became apparent that the air bearing is not entirely centered within the camera
frame defined during the PhaseSpace calibration and alignment process. This error
can be seen in many of the figures showing both the ¢3 and z3 variables prior to
the sixty second maneuver time. The error is very consistent and was found to be

approximately 4+2°.

4.7.2 Solar Flare Induced Geomagnetic Effects

On 17 April 2016 a magnitude 6.7 solar flare was recorded by the Solar Dynam-
ics Observatory [5]. Data from the NASA Advanced Composition Explorer (ACE)
satellite is shown in Fig. 78,

where you can see that the flare was first detected on 18 April and appears to
have lasted to the 21st of April 2016. The location of ACE is at the L1 liberation
point between the Earth and the Sun, about 1,500,000 km forward of Earth. Its
important to note that many of the documented results in this research were recorded
19 April to 23 April 2016. Although not presented in this research, the four corner

360° rotation test was conducted in an ambient Earth magnetic field on 22 April
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2016. Active control was obtained around 180° for the first and only time during
the research. Oscillations around the singularity were visually noted by the author
and other observers. The test was repeated again on 26 April 2016 and control was
not achieved at 180°. The result of these two test were not presented in the previous
sections as the ground station truth magnetometer data was not recorded in real time
during the tests. However, data was collected from the Analog Devices IMU primary
magnetometer. The magnitude By from both test dates during the four corner 360°
maneuver are shown in Fig. 79.

Note in Fig. 79 that at sixty seconds the magnitudes of both data sets track fairly
well. Note also that at 120 seconds into the test the ADCS test bed was commanded
to the 180° orientation and the B; values differ slightly by approximately 4 mG.
At 120 seconds the 180° maneuver is commanded. Notice the B; values are quite
different from the two data sets. Also notice that during the 21 April test the B

leveled off during control around the singularity point at 180°. The 26 April test
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behaved identical to the results presented in section 4.5.1 during the 170° maneuver
with the Helmholtz cage off. For this reason is important to note that some of the
error and accuracy during this research may have been influenced by the solar flare

on 17 April 2016.

4.8 Chapter Summary

Chapted IV presented the results and analysis of the testing documented in sec-
tion 3.4. The first section described how the data would be corrected for corrupted
data points and how the MATLAB interp! function will be employed to interpolate
data. The second section documented the model simulation results compared to the
ADCS test bed performing a -90° rotation in a [0,2000,0] mG field. The third sec-
tion presented the wheel speed control authority testing performed and highlighted
the code variable mismatch issues experienced. The chapter continued by charac-

terizing the magnetometers in five magnetic field strengths. The secondary external
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magnetometer data performed comparable to the Analog Devices magnetometer only
in the ambient Earth magnetic field during static testing. The Kalman filter was
found to induce a 3 second delay into the magnetometer sensor data. Next, the ex-
ternal magnetometer data was used in QUEST with different sensor weighting. The
quaternion estimate was found to degrade the output from QUEST and the external
magnetometer was removed. The following section characterizes the ADCS test bed
in the proximity of the singularity point at 180°. Control near the singularity point
in an ambient Earth magnetic field could not be achieved due to the quaternion error
increase. The ADCS test bed was found to be controllable around the singularity in a
[0,2000,0] mG field as the quaternion estimate from QUEST was improved. The fol-
lowing section presents the estimation and control accuracy of the ADCS test bed in
various magnetic fields. It was discovered that the magnetic field setting of [50,50,50]
mG induced an angle error of 12.5° during a -90° rotation. The strongest magnetic
field setting of [0,2000,0] mG allowed the ADCS test bed to control to 1.5°. Finally
the last section documented sources of error in the research. The errors include the
misalignment of the PhaseSpace software coordinate system with the physical ADCS
test bed and the observed solar flare during the week of testing which may have

altered the test results.
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V. Conclusions and Future Work

5.1 Summary of Research

The primary goal of this research was to characterize the ADCS test bed and
use an external truth source to verify its control authority and estimation accuracy
in typical magnetic field strengths on orbit. A secondary objective as discussed in
Chapter I was to perform a controlled 360° rotation through four 90° rotations. To
achieve the primary objectives, it was necessary to remove external sensor noise that
would degrade the sensor measurements of the magnetometer. To investigate if the
quaternion estimate could be improved a secondary external magnetometer was in-
stalled. A three wheel RWA was constructed and positioned away from both the
primary and secondary external magnetometers to mitigate EMI. A quaternion error
based PID controller was implemented using control gains based on the desired re-
sponse. Static testing was performed to ensure EMI effects were removed from the
magnetometers and verify the ADCS had adequate RWA speed control authority. It
was discovered that the C code variable type mismatches in the main ADCS test bed
algorithm caused OS noise which was shown to degrade the RPM command from the
ADCS control card. Dynamic tests were performed atop an air bearing using a Hel-
moltz cage providing variable magnetic fields during each test. A PhaseSpace Impulse
X2E motion capture system was installed and calibrated to record truth source data
during the dynamic test. Data was collected from the ADCS test bed and compared
to the external truth data.

The AFIT CubeSat test bed ground station, including physical properties and
modifications of the 6U CubeSat used in this research, are discussed. A prototype
ADCS test bed was documented that helped in experimental modifications and soft-

ware development throughout the research. An attempt to manage the displacement
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of the center of mass and the center of rotation of the air bearing is presented as it
was determined that the CubeSat test bed would not have z- or y-axes control based
on the stability requirements of the air bearing during dynamic tests. The final place-
ment of CubeSat test bed allowed for installation of the PhaseSpace system LEDs
and battery pack later in the research. The final ADCS test bed’s MOI was measured
and estimated then used to define the PID controllers gain settings. The ADCS test
bed software including an overview of the control algorithm is presented followed by
a discussion of the PhaseSpace system’s hardware and software. The physical config-
uration of the final ADCS test bed was balanced and assigned a coordinate system in
the PhaseSpace software to compare data. The data collection process through the
use of Tera Term and the Owl Server are introduced. Finally, static and dynamic test
procedures are discussed to verify the performance of the ADCS test bed.

The static and dynamic tests performed in the AFIT ADCS test bed utilized
five different magnetic field settings, four of which used the Helmholtz cage. After
initially discovering a quaternion error issue in the C code, the ADCS test bed was
commanded through a series of rotations to capture performance data and compared
to the PhaseSpace truth source. It was discovered that the second external magne-
tometer would require extensive biasing and calibration to be used in the ambient
Earth magnetic field and performed poorly while using the Helmholtz cage under
other magnetic field settings. The Kalman filter developed proved to operate to slow
to be used in the attitude determination algorithm. The displacement of the RWA
proved to mitigate much of the EMI experienced by the primary magnetometer in
past research. The second magnetometer sensor measurement was assigned various
weights in QUEST and the performance of the ADCS test bed was compared to the
external PhaseSpace truth source.

At the lowest weighting value of 0.1 for second magnetometer in QUEST the
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ADCS test bed began to show active control. The ADCS test bed quaternion estimate
also began to match the PhaseSpace truth data. This highlights the importance of
the sensor measurement weights in QUEST. Although only three sensors could be
used in this research with the limited QUEST algorithm currently installed, it shows
that any corrupted sensor data can significantly affect the quaternion estimate of
a spacecraft. Ways to mitigate corrupted data could be implemented to lower the
weighting automatically if EMI or noise can be detected. The singularity condition in
this version of QUEST may not present a problem for some satellites, but CubeSats
are susceptible as they typically deploy as secondary payloads. Deployment into
an unknown orientation could cause the singularity condition to inhibit the mission
performance if steps are not taken to mitigate its affects. One possible solution would
be to command the spacecraft to a 90° rotation and reset the current quaternion to
(0,0,0,1]7 at the new orientation. This would effectively move the singularity 90°
from the previous orientation. However, a better option would be to implement the
modified Rodrigues parameters which provide a singularity free solution. As Chapter
IV presents the Rodrigues parameters currently used in QUEST are erroneous in
the vicinity of the singularity. Control near the singularity in an ambient magnetic
field was only obtained once during the research and happened to occur during a solar
flare event. This highlights that the current QUEST algorithm along with the current
sensor measurements used on the ADCS test bed would benefit from the addition of
a third vector measurement.

The increase of the magnitude By from the second magnetometer during the am-
bient Earth magnetic field during dynamic testing was shown to be 68.4 mG which
was five times higher than the change from the primary magnetometer B;. It was
determined that the second external magnetometer provided inconsistent results and

was removed from QUEST before final performance testing was conducted. During
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the simulated 500 km orbit magnetic field of [0,471,0] mG the ADCS test bed attitude
estimate compared to the PhaseSpace was only 1.3° in error. As Chapter IV presents
this was an unexpected discovery as in the 6 dB higher magnetic field test of [0,2000,0]
mG the ADCS test bed showed an error of 1.4° compared with the PhaseSpace sys-
tem during the same 90° rotation. This shows that the axis the magnetometer uses
to collect sensor data may affect the attitude estimation. The primary magnetometer
does have different tolerances and calibration requirements for each axis. It is the
author’s recommendation that the test be repeated with a magnetic field of [471,0,0]
mG and [2000,0,0] mG in an effort to research the extent to which the magnetometer
chip is biased along each axis.

As hypothesized in Chapter I, lowering the magnetic field strength degraded the
ADCS test bed attitude estimation. This is evident in Chapter IV during the am-
bient Earth testing and the lower [100,100,100] mG and [50,50,50] mG tests. When
compared to the PhaseSpace truth data the angle error increased from 7.5°, to 7.8°,
and finally to 12.9° with each lower magnetic magnitude setting of the Helmholtz
cage. This is caused by the increased error in the attitude estimate calculated by
QUEST on the ADCS test bed as shown in Chapter IV. This increase in attitude
error affects how the PID control law computes torque commands and was shown to
reduce control.

The 6° of error occurring at the 270° orientation during the four corner test in
the [0,2000,0] mG magnetic field highlights the axis sensitivity of the primary mag-
netometer. This field strength is 6 dB higher than the ambient Earth magnetic field
and shows similar error as presented during the 90° rotation test with the Helmholtz
cage off. This implies that the overall orientation of the magnetometer in the test
bed can affect the attitude estimate. Future research should consider using another

Analog Devices IMU in a rotated orientation from the primary IMU. The new sensor
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measurements would require rotation matrices to be programmed, but would help
future research explore the limitations along each axis of the two magnetometers.

Next, the limitations of this research are discussed that are unique to this research.

5.2 Limitations and Applicability of Research

This research effort began by mitigating known issues in the ADCS test bed
hardware. The EMI issues from the RWA were confronted first which later led the
research into troubleshooting the ADCS C code to properly control the newly modified
hardware. The quaternion error calculations in the code were found to have sign errors
which were corrected after an extensive review of the equations found in Chapter II.
The previously used primary magnetometer bias had to be modified to allow operation
in other magnetic field strengths.

Many of the problems were solved through trial and error and are unique to
the specific ADCS setup at AFIT. The current hardware and software code was
customized solely for this research project. It should be noted that although the on
board magnetometers didn’t experience EMI from the RWA, EMI will likely have to
be managed in future 1U ADCS designs. As designed and built the RWA used will
not survive a space qualification vibration test and was constructed by hand using
two previous AFIT RWAs.

Utilizing a secondary pcontroller to handle the Hall sensor interrupt commands
on the RWA has potential implications in many other areas, specifically data man-
agement. The effects of OS noise should be investigated on any system that relies on
interrupt commands, cross link communications, and looped control algorithms. This
research highlighted issues discovered through variable type assignment. Although
variable type mismatches may not cause significant issues in many applications they

can become an issue when computational resources are extremely limited and variable
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type changes occur many times per second.

The PhaseSpace system used as the truth source provided excellent data to com-
pare with the data collected from the ADCS test bed. However, it was discovered
that the air bearing placement is not at the exact center of the PhaseSpace capture
volume. This is evident in the error analysis section of Chapter IV as the angle error
was £2° before the maneuver started. The testing presented in this research initial-
ized the ADCS test bed toward the 0° mark on the wall adjoining the Helmholtz cage.
The error was discovered when the rigid-body was assigned to the markerIDs in the
PhaseSpace Master Client software while the test bed was statically pointing at 0° on
the wall. This discovery implies that the air bearing should be re-centered, the angle
markings along the wall be adjusted, or reassignment of the PhaseSpace camera and

rigid body coordinate systems.

5.3 Potential Future Work and Research Opportunities

The following subsections offer recommended future research opportunities utiliz-

ing AFIT’s CubeSat test bed, ground station, and PhaseSpace truth source.

5.3.1 Ground Station Improvements and Data Collection GUI

With the addition of the external PhaseSpace system as a true source, data collec-
tion and time syncing those data points are important for later analysis. The current
process involves live collection of the ADCS telemetry data while the PhaseSpace
system is being recorded only to be post processed at a later time. Development of
an API that queries both the Owl Server and the ADCS telemetry stream at the
same rate would greatly improve the current CubeSat test bed architecture. It would
also be helpful to use a real time operating system to control the Helmholtz cage for

on orbit simulations and to dynamically control the ADCS test bed from a GUI that
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automatically collects both data sets. Furthermore, the entire IRGF model will not
fit on the current ADCS test bed without significant memory upgrades. It would be
prudent to investigate a command link via MATLAB and use Wi-Fi to command the
ADCS test bed similar to the NPS CubeTas test bed. Work done by Lippert has
demonstrated the feasibility of such a GUI. One of the main limitations of the cur-
rent CubeSat ground station is the dated operating system. Many of the important
computational resources such as MATLAB, STK, PhaseSpace, LABView, and even
Tera Term have connection and time out issues during testing. The addition of the
BTS SMART-DX system installed in the wind tunnel lab has a suite of MATLAB
tools to better help the future development of the ADCS test bed ground station as

some of the PhaseSpace output files are compatible.

5.3.2 Implementation of Magnetic Torque Coils and Attitude Sensors

It was shown in previous research that the torque coils interfere with the IMU
sensors. The author installed two torque coils in the current ADCS test bed to
research their effects on the magnetometers. However, they were not enabled and
tested within the time constraints of this research. If the torque coils are shown
to affect the magnetometer data, future research could investigate ways to improve
estimation during coil use. The easiest way would be to add a star tracker or sun
sensor into QUEST and lower the magnetometer sensor weight in QUEST during
magnetic torque coil operation. Another possible solution could use a second external
Analog Devices IMU deployed on a solar panel far away from the CubeSat body
to mitigate erroneous EMI from the RWA and torque coils. Eventually the torque
coils and supporting code should be calibrated for use in a realistic magnetic field
typical of a CubeSat in orbit. Furthermore, the second magnetometer used in the

research requires calibration and biasing. A better option would be to select another
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magnetometer of comparable quality to the primary IMU used in this research.

5.3.3 Rigid-Body ADCS Test Bed with Automatic Mass Centering

A center of mass calibration system was designed by Sharp, but not implemented
due to CAD model differences with the physical ADCS test bed platform. The system
was designed to allow subtle adjustments to masses underneath the ADCS test bed
during air bearing operations. With the constant addition and movement of wires to
include the PhaseSpace system and supporting battery, balancing the CubeSat before
testing became rather time consuming. Integrating a rigid body CubeSat design for
AFIT along with an automatic mass balancing system would significantly increase the
number of testing and research opportunities during the space vehicle design sequence
at AFIT. This research could also produce a better estimate of the moment of inertia

matrix for the ADCS test bed which would improve future simulation model accuracy.

5.3.4 Fan Assisted Multi-Axes Control

Similar to the Sim-Sat test bed at AFIT, a series of smaller propeller driven fans
could be used to simulate three axis control on the ADCS test bed. This would
require disabling the x- and y-axes motors or the integration of an external armature
to support at least two fans with ample clearance from the ADCS test bed. Since
each motor would also add a torque to the test bed a counter rotating solution should
be approached. This idea was demonstrated by Lippert with a custom made counter-
rotating quad propeller aerial device on the ADCS test bed. Once calibrated in the
desired position the test platform was rebalanced to induce a large angle offset along
the z- and y-axes. During the test the device was able to stabilize itself and remain
steady in the desired calibrated position. To use this approach the fan distance from

the center of mass of the ADCS test bed should be maximized to increase the moment
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